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ABSTRACT
According to current European regulations for calculating measurement uncertainty, besides the 
computation of sensibility coefficients by, for example, OFAT tests, it’s useful to evaluate the own 
repeatability of measurement device and technique, in order to estimate the influence of the not controlled 
parameters. The aim of the present work is to show that repeatability of open water test results depends
strongly on the performed Reynolds number. A large set of tests carried out on four screws models, with 
different shapes, diameters and blades numbers (for a total of 627 experimental data), has shown that the 
coefficients of variation of torque and thrust measurements, as well as standard deviation of hydrodynamic 
coefficients KQ and KT, decrease if Reynolds number increases, with a trend well fitted by a rational 
function like kx-α. Results show also that, if Reynolds number is about 750.000, standard deviations of 
torque and thrust are about 0.5% of the obtained measures, as well as those of KQ and KT. In addition to 
what already shown by ITTC (International Towing Tank Conference) Procedures, this conclusion provides 
useful information about the minimum Reynolds number at which to perform open water tests in order to 
limit the uncertainty intervals.
1. INTRODUCTION
Carrying out a measurement with its accuracy attached is a usual procedure in the world of 
science, but its calculation methodology is not uniformly codified yet.
At the end of nineties were often used Coleman and Steele guidelines (1999); they established 
a clear-cut division between two kinds of errors (precision errors and systematic or bias ones), 
so much so that even the XXIII ITTC Procedures (2002) used them to calculate open water 
tests uncertainty.
The regulation UNI CEI ENV 13005 (Guide to the expression of uncertainty in measurement -
GUM) (2000) has now been put beside and it often substitutes what Coleman and Steele said.
Also in the Model Test Division of Insean-CNR this new methodology is today almost always
used, unlike what was done in recent years: for example in the Technical Report “Uncertainty 
analysis on open water tests at some Reynolds numbers” (see Moriconi, 2000), the older 
methodology was preferred to the new one. 
One of the factors in the evaluation of measurement uncertainty, that is often one of the largest 
ones, is what is called “repeatability”. It depends on the dispersion of the results obtained by 
repeating a lot of time the same test and then on the standard deviation.
In every hydrodynamic test there are surfaces that work in transitional flow condition, between 
laminar and turbulent; this condition is reasonably the main reason of measurement instability.
Also in an open water test there is this kind of phenomenon; in fact the Reynolds number 
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increases about linearly when distance from boss rises, and then it is highly probable that on 
the blades both laminar and turbulent flows coexist, with a more or less large transitional region 
between them.
In order to reduce the negative effect on measurement stability, it is advisable to try to bring 
these regions near to the rotation axis, where both blade geometry and boss perturbation cause 
separation and vorticity that induce turbulence a part from the local Reynolds number.  
Before quantitatively calculating the uncertainty measure of an open water test results, we have 
estimated how the results repeatability, that is their reliability, more generally depends on the 
Reynolds number. In this way it has been possible to strengthen and specify what affirmed by 
ITTC Procedures, that provide that these tests should be conducted at as high as possible 
Reynolds number, but do not declare the minimum number to perform them without obtaining
too high measurement uncertainty in percentage terms.
2. TESTED MODELS
Four different screws models have been tested (figure 1): two left and two right, with different 
geometric characteristics (blades number, diameter, pitch and chord). According to Insean 
denomination they are identified by the numbers: 1282, 1317, 1364 and 1590. All of them have 
been manufactured at Insean: the first three screws have been built using a homemade alloy 
with excellent toughness and workability characteristics, the fourth one has been made by 
aluminium.
Figure 1. The tested screws: 1282, 1317, 1364 and 1590.
The great variability of the main geometric characteristics, shown in table 1, enlarges the 
generality of the obtained results (diameters D from 123 to 217 mm, pitches P from 151 to 212 
mm, chords at 70% of the radius C0,7R from 72 to 119 mm, blades numbers Z from 3 to 6, ratios
between the expanded blade area AE and the developed one A0 from 0,853 to 1,155).
Table 1. Geometric characteristics of the tested screws
1282 1317 1364 1590
sx dx dx sx
Z - 3 6 5 4
D [m] 0.123 0.217 0.200 0.146
P [m] 0.162 0.212 0.151 0.193
C0.7 [m] 0.119 0.072 0.079 0.096
P/D - 1.315 0.977 0.755 1.323
AE/A0 - 1.155 0.931 0.853 1.069
C0.7/D - 0.967 0.332 0.395 0.658
d/D - 0.230 0.183 0.210 0.238
3. EXPERIMENTAL DEVICE AND EQUIPMENT
All measures have been carried out at the basin “Pugliese” of Insean-CNR (470m x 13.5m x 
6.5m), equipped with a dynamometric carriage that can reach 15 m/s with an adjustable 
acceleration, generally fixed at 1 m/s2.
For these tests, two balances have been used with two different full scales depending on the 
forces to be measured, that is depending on the tested screws diameters and pitches. The 
smallest one, named H29 and manufactured by Kempf & Remmers GMBH from Hamburg, has
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full scales of 440N for the thrust and of 15 Nm for the torque; the other one, named Morini from 
the name of its Italian manufacturer, is equipped with a dynamometer with full scales of 700 N 
for the thrust and of 40 Nm for the torque. 
The difference between the two used balances doesn’t restrict the remarks made in this 
Technical Report because, as has already been said, the aim was not to quantify measure 
repeatability in this kind of test, but was only to qualitatively determine its dependence on 
Reynolds number; the use of different balances constitutes an added value to the qualitative 
final considerations, that so are less dependent on the used instruments.
4. TEST MATRIXES
All screws have been tested at 3 different advance ratios, except screw 1590 that has been 
tested only at two because of the dynamometer full scale. Moreover every advance ratio has 
been examined at 7 different Reynolds numbers, to obtain a greater reliability of the final fit.
In order to have a number of samples adequate to the coefficient of variation evaluation, every 
test condition has been repeated 11 times, obtaining in all 627 experimental data.
The test matrixes of all screws are shown in figure 2.
Figure 2. Test matrixes.
All data set and its whole analysis is completely reported in Moriconi and Mancini (2014) 
Insean-CNR Technical Report.
5. TEST METHODOLOGY
According to ITTC Procedures (2002), in an open water test the Reynolds number is calculated 
with regard to the chord measured at the radius fraction 0,7 (Re0.7R), because this is the region 
of the blade with the maximum efficiency. 
Insean procedure to perform open water test and to obtain the curves of the hydrodynamic 
coefficients
42T Dn
TK
ρ
= and 52Q Dn
QK
ρ
= (1)
as functions of the advance ratio J=Va/nD, establishes that J changes only varying the carriage 
velocity V and maintaining constant the propeller frequency of revolution n. In this way Re0.7R
changes just a little between J=0 and the maximum tested J, because the rotation speed vector 
of the chord at 0,7R is proportionally much larger than VA (the advance speed vector of the 
propeller); so their addition is little influenced by the second addend. But, for the aim of the 
present work, Re0.7R had to be constant for every tested J, because all the results had to be 
referred to it, so VA and n have been obtained by the system:
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where (Vfix, nfix) is just the solution of it, Jfix and Refix are the propeller advance ratio and the 
Reynolds number fixed for the test, C0.7R is the chord at 70% of the radius, D is the diameter 
and ν is the water kinematic viscosity at the tested temperature; then:
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Screws have been tested neither at the same Reynolds numbers nor at the same advance 
ratios because of the various characteristics, geometric and then hydrodynamic, as well as 
because of the instruments and experimental facility limits.
Every test condition (Vfix, nfix), as has already been said, has been repeated 11 times, everyone 
of them inside different carriage runs; in every run, because of the high length of the basin, it 
has been possible to obtain up to 7 runlets.
As settled by ITTC Procedure (2002), tests have been carried out with the immersion of the 
rotation axis equal to 1.5 D.
In order to have the only blades contribution, torque and thrust net values have been obtained 
detracting from gross ones the measures obtained testing only the bosses.
6. DATA PROCESSING
To make data uniform, in order to compare them, it has been necessary to perform some 
operations:
1) Experimental results couldn’t be directly analyzed because, during the tests, the 
experimenter cannot perform the exact Vfix and nfix defined by (3) and solutions of (2), and 
so Re0 and J0 (from now on the subscript 0 will mean an experimental measured value) 
were different from  Refix and Jfix.
Whereas ∆Re=Re0-Refix is in percentage very small (at most about 10-2% of Refix) and then it 
is negligible, in some cases ∆J=J0-Jfix is about 1% of Jfix; then J0 had to be artfully corrected 
to the fixed Jfix. In order to do this “correction”, the dimensionless coefficients 0TK and 0QK
have been computed starting from T0, Q0 and n0, and then they have been translated to Jfix
according to the corresponding characteristic curves, as everybody knows 5 degree 
polynomials, already archived in Insean database. At last, by a linear approximation of 
these curves in the ∆J wide neighbourhood of  Jfix, they have again been made dimensional, 
using nT that is the propeller frequency of revolution that should have been performed once 
known V0.
For example , as regards thrust, if
                       55
4
4
3
3
2
210T JaJaJaJaJaaK +++++= (4)
is the curve archived in Insean database, then
                       405
3
04
2
030210 Ja5Ja4Ja3Ja2am ++++= (5)
is the slope of the tangent to the curve (4) at the point whose abscissa is J0, then, writing 
with the subscript “fix” all values corresponding to Jfix, we obtain that
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       ( )
0fix Tfix00T
KJJmK +−= (6)
is the value of KT translated to the desired J according to the above said hypothesis.
Thrust Tfix at Jfix is therefore given by:
                       
fixT
42
Tfix KDnT ρ= (7)
where, as already said, nT is the propeller frequency of revolution that should have been 
performed to have Jfix knowing Re0, that is:
           
( )22fixR7,0
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T
7.0JDC
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π+
ν
= (8)
Analogous formulas are true for torque, except (7) that becomes:
                 
fixQ
52
Tfix KDnQ ρ= (9)
2) The experiments have been performed in a long period, so test temperatures are quite 
different. It has therefore been necessary to recalculate the obtained torque and thrust
measures referring to the same temperature; in order to reduce approximations, mean 
temperature between the highest and the lowest ones has been chosen. 
The used procedure to carry out this further correction is based on the assumption that two 
ideal tests performed at two different temperatures, but at the same Reynolds number, give,
by their nature, the same KT and KQ.
Showing by asterisk all quantities obtained at the reference temperature, we have:
*
TT KK 0 = (10)
that is:
                     
4**
*
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T
0
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T
Dn
T
2
ρ
=
ρ
(11)
Since percentage difference between ρ and ρ∗ is, in tested cases, lower than 10-2, it can be 
assumed that ρ = ρ∗ and then we can write:
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and, by similar considerations,
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Considering that *fix JJ = and that, because of the assumptions, 
*
0 ReRe = , from (3) we 
have: 
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are the values of thrust, torque and propeller frequency of revolution obtained by (7), (9) and 
(8), definitively translated to the established Jfix and to the reference temperature.
At last:
42*
*
*
T
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=
52*
*
*
Q
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= (16)
are the hydrodynamic coefficients.
7. ANALYSIS RESULTS
Thrust and torque values obtained by (15) have been analyzed in order to have the trend 
(versus Reynolds number) of the coefficients of variation cv
                        
( )
µ
µ−
=
µ
σ
=
∑
N
x
c
N
1
i
v (17)
where σ is the standard deviation and µ is the mean.
The following figures show trends of these indexes as regards all tested screws; they are well 
fitted by functions like kx-α. It’s evident the reduction of cv if Reynolds number increases.
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Figure 3. Trend of coefficients of variation as regards thrust and
torque of screw 1282 at three different J.
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Figure 4. Trend of coefficients of variation as regards thrust and
torque of screw 1317 at three different J.
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Figure 5. Trend of coefficients of variation as regards thrust and
torque of screw 1364 at three different J.
T - 1590
J = 0,75
y = 0,021x-0,769
J = 0,5
y = 0,020x-0,960
0,000
0,010
0,020
0,030
0,040
0,050
0,060
0,2 2,2 4,2 6,2 8,2 10,2 12,2 14,2 16,2
Re * 10-5
c v
Q - 1590
J = 0,75
y = 0,117x-1,578
J = 0,50
y = 0,057x-1,386
0,000
0,010
0,020
0,030
0,040
0,050
0,060
0,2 2,2 4,2 6,2 8,2 10,2 12,2 14,2 16,2
Re * 10-5
c v
Figure 6. Trend of coefficients of variation as regards thrust and
torque of screw 1590 at three different J.
Graphs in figures 7 show all cv values of thrust and torque, apart from J, fitted by further rational 
functions, one for each screw.
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Figure 7. Trend of coefficients of variation of thrust and torque of all tested screws.
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The increasing of results repeatability, when Reynolds number increases, may be found even in 
dimensionless hydrodynamic coefficients KT* and KQ* analysis.
For every J these quantities do not in theory depend on Reynolds number, then it has not been 
necessary to calculate their coefficients of variation, but it has been enough graphing their 
standard deviations.
Figure 8 shows, all together, screws standard deviations of KT* and KQ*, apart from tested J, 
always fitted by rational functions like kx-α, one for each screw.
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Figure 8. Trend of KT* and KQ* standard deviations of all tested screws.
In order to give an acceptable explanation of the different behaviours of the four tested screws, 
evident especially for KQ*, it’s suitable to emphasize that one of the major sources of results 
dispersion in models hydrodynamic tests is the presence of the transient condition, that is
between laminar and turbulent; this phenomenon is typically present if Reynolds number is 
between 200000 and 400000. According to ITTC Procedures (2002), Reynolds number to 
perform an open water test is related, as already said, to the chord measured at the fraction 0.7 
of the radius, where there is the zone of the blade that generally most works to give the 
propulsion. But Reynolds number is not constant for all blade fractions; calling r the distance 
from the rotation axis, at the fraction r/R, it is:
                      
ν

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


 π+
=
2
2
R
r
R
r
R
nDrVC
Re (18)
It’s obvious that it’s trend strongly depends on the local value of the chord.
In figure 9 chords trends are shown for all tested screws versus r, each of them normalized with 
respect to that measured at 0.7 R.
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Figure 9. Trend of normalized chords versus radius fractions of all tested screws.
We can observe that screws whose chords decrease faster, have the worse behaviour of 
standard deviations shown in figure 8 (1282 and 1364). This is because chord trend has 
repercussions on Reynolds number one, then it decreases faster for some screws than for the 
others. So, for example, on screw 1282 there is a transient condition at higher r values, where 
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boss hydrodynamic and blade geometry influences are not strong enough to induce turbulence 
apart from Reynolds number.
Figures 10 and 11 show Reynolds number versus r/R of all tested screws, if Re0.7 is 500000 and
750000 respectively. By the second one we can verify that, as regards 1282, Reynolds number 
is lower than 400000 if r/R is just lower than 0.5, whereas as regards 1317 it happens if r/R is 
lower than about 0.38.
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Figure 10. Trend of Reynolds number versus radius fraction of all tested screws if Re0.7=5x105.
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Figure 11. Trend of Reynolds number versus radius fraction of all tested screws if 
Re0.7=7.5x105.
At the end it’s interesting to remark that KQ standard deviations versus AE/AO (shown in table 1) 
are increasing functions. Even this trend can be seen as a consequence of the sudden increase 
of the chord as r increases; indeed generally high ratios AE/A0 are correlate with blade shapes 
having just a high chord variation as function of r.
Figure 12 show that this dependence practically has the same trend for all Reynolds numbers.
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Figure 12. KQ standard deviations trend versus AE/A0 for all Reynolds numbers and
correspondence with tested screws.
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8. CONCLUSIONS
The analysis of results obtained by processing 627 experimental data of open water tests 
performed on 4 different screws models, show that coefficient of variation of measured torque 
and thrust, as well as standard deviations of hydrodynamic coefficients KT and KQ, decrease if 
the carried out Reynolds number increases, with a trend well fitted by rational functions like kx-α,
apart from screw geometry.
The performed analysis show that, if Reynolds number is near 750000, the standard deviations 
of the main measures (the absorbed torque and the given thrust) are about 0.5% of performed 
measures, and those of KT and KQ decrease to 0.001, that, in the worst case, is about 0.5% of 
the mean value too.
This result is probably caused, as often happens in a hydrodynamic test, by the presence of a 
transient condition, between laminar and turbulent. Indeed, increasing test Reynolds number, 
that according to ITTC Procedures (2002) is measured at 70 percent of screw radius, the blade 
portion that works in this condition (about from 200000 to 400000), gets near to the rotation 
axis. But in proximity to this one, turbulence is greater both because of the closeness of the 
boss and for the high blade thickness, that increase vortexes and flow separation phenomena. 
Therefore increasing the test Reynolds number decreases the blade portion that works in a 
transient condition, and then the largest source of test instability decreases too.
This conclusion strengthens the well-known thesis supported, even if for other reasons, by ITTC 
Procedures (2002): an open water test must be performed at as high as possible Reynolds 
number, compatibly with available measure instruments and devices. Moreover these results 
give some information about the minimum Re0.7R below which the standard deviations become 
too high.
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